INTRODUCTION
The human population on Earth is expanding rapidly (Steck et al. 2010) , and artificial light is fundamental to the functioning of modern society. Yet while humans have become accustomed to artificial cycles of light and dark, other species, especially nocturnal or crepuscular organisms, may depend upon natural light cycles for successful functioning (Kramer & Birney 2001) . As a result, the amount of artificial light now used around the world is causing some concern among scientists and conservationists (Rich & Longcore 2006) . On a global scale, the growth of human populations in coastal zones is occurring faster than human population growth in general (Nicholls 1995) . Due to this disproportionate growth, coastal habitats have become some of those most vulnerable to light pollution (Bird et al. 2004) .
Marine turtles are arguably the best-known example of an organism adversely affected by coastal lighting (Witherington & Martin 2000 , Salmon 2003 . Dependence upon visual brightness cues for 'sea-finding', means the orientation of hatchling marine turtles is disrupted by artificial lighting close to the nesting beach (Witherington & Martin 2000 , Tuxbury & Salmon 2005 . This can have serious negative consequences for hatchling survival. Protracted periods spent crawling on the beach increase predation risk, as well as wasting the limited energy stores hatchlings possess from their yolk, which are necessary for crucial offshore migration (Salmon 2006 , Hamann et al. 2007 , Booth & Evans 2011 .
Coastal lighting has also been reported to discourage adult females from nesting on particular stretches of beach . Many marine turtle nesting beaches are located adjacent to human populations, or to areas earmarked for development. As human population centres expand and light levels in coastal regions around the world increase, the availability of naturally dark beaches attractive to nesting females is likely to decrease. This may lead to higher concentrations of nests on beaches deemed dark enough for nesting purposes (Salmon 2006) . However, beaches with higher density nesting face a greater likelihood of nest destruction by other nesting females (Bustard & Tognetti 1969) and potentially increased hatchling predation (Pilcher et al. 2000 , Wyneken et al. 2000 . In addition, shifts in nesting distribution may take hatchlings away from the oceanographic features which are most favourable for dispersal (Putman et al. 2010 .
Most studies concentrating on disruption to marine turtles as a result of artificial lights have been beach specific or limited to one region (e.g. Witherington 1991 , Peters & Verhoeven 1994 , Salmon 2003 , Bertolotti & Salmon 2005 , Pendoley 2005 , Stapput & Wiltschko 2005 , Harewood & Horrocks 2008 . However, the extent of artificial light usage is visible from space. Global measurements of artificial light have been collected as part of the US Air Force Defense Meteorological Satellite Program (DMSP) Operational Linescan System (OLS) since 1992 (Elvidge et al. 2007) . These data are freely available from the NOAA's National Geophysical Data Center (NGDC), and consist of cloud-free composites created from multiple nightly orbits by the DMSP satellites each year (Elvidge et al. 1997 (Elvidge et al. , 2001 ). The DMSP images have been em ployed for a diverse range of studies in recent years (e.g. Aubrecht et al. 2008 , Nagatani 2010 , Badarinath et al. 2011 ), yet few studies have utilised these global datasets with reference to nesting turtles (but see Ziskin et al. 2008 and Salmon et al. 2000) .
The wavelengths recorded by the OLS sensor are consistent with wavelengths disruptive to adult and hatchling marine turtles. Both adult and hatchling turtles have been shown to be responsive to wavelengths within the 440 to 700 nm range, with greatest sensitivity at longer wavelengths (approximately 580 nm) for adults (Levenson et al. 2004) and from 350 to 540 nm for hatchlings (Witherington & Bjorndal 1991 , Witherington & Martin 2000 , Horch et al. 2008 . The OLS possesses a broad spectral response from 440 to 940 nm, making these datasets a potentially useful tool for the assessment of light pollution impacts on turtle nesting sites (Magyar 2008) .
The Australian coastline supports large and globally important marine turtle nesting aggregations (Limpus 2009 ). However, > 80% of Australia's inhabitants live in coastal areas (Hennessy et al. 2007) , and most of the current population growth, ex cluding capital cities, is occurring in coastal regions (Luck 2007) . Currently, most beaches in northern Australia used by nesting turtles do not experience the same levels of human encroachment (and the associated impacts from light pollution) that have occurred in many other parts of the world (Chatto & Baker 2008 , Limpus 2009 ). However, coastal development in northern Australia is increasing. For ex ample, the south-east portion of Queensland (QLD) and north Western Australia (WA), both of which support nesting by multiple turtle species (Limpus 2009) , are each experiencing rapid urban growth and in dustrial development (SEQ Catchments 2010, Australian Bureau of Statistics 2012).
In Australia, all marine turtles are protected under the Australian and State Governments' conservation legislation (Limpus 2009) , and the disruptive influence of light pollution is widely acknowledged (e.g. Department of Environment and Con servation 2007, 2008) . Management actions considered necessary to address this issue include the identification of priority areas affected by artificial light. Yet, implementing management strategies can be expensive and time intensive (Fuentes et al. 2009 ). Knowledge of areas at highest risk from light pollution is important to permit management re sources to be allocated most effectively (e.g. Fuentes et al. 2011) .
We used the 2006 Radiance Calibrated Lights dataset from the NGDC to address 2 specific aims. Firstly, we assessed the proportion of nesting marine turtles within Australia that are exposed to coastal light pollution as it is detected from space. This proportion was assessed at both a national and 'population management unit' scale, since it is important that the severity of threats to specific population units is determined so as to allow targeted management ap proa ches, thereby ensuring that conservation strategies are as effective as possible (Dobbs et al. 1999 , Wallace et al. 2010 . Secondly, we identified those nesting sites in Australia which may face the greatest threat from artificial light. This is the first study of its kind. The results will be beneficial for both managers and scientists, since this method allows the identification of nesting locations vulnerable to coastal light pollution at ecologically relevant scales, which can be used in combination with existing on-the-ground data to inform and guide conservation strategies or environmental impact assessments. The methods utilised in this study will also prove a useful tool for managers of marine turtles outside of Australia, in any location where limited resources require targeted conservation measures.
MATERIALS AND METHODS

Study species
Marine turtle nesting beaches occur across the entire northern coast of Australia, from northern New South Wales to Shark Bay in WA. Six of the 7 extant species of marine turtles (loggerhead Caretta caretta, green Chelonia mydas, hawksbill Eretmochelys imbricata, olive ridley Le pidochelys olivacea, flatback Natator depressus, leatherback turtles Dermochelys coriacea) nest in Australia, with only the Kemp's ridley turtle L. kempii absent. Nesting and hatchling emergence occur at different times of the year, depending on the species and population management unit (Limpus 2009 ). Due to the minor and sporadic nesting of leatherback turtles in Australia this species was not included in our analysis.
Data acquisition
Turtle nesting data
We extracted the locations of nesting beaches for all turtle species within Australia from the QDERM (Queensland Department of Environment and Resource Management) turtle database, September 2003. These data consisted of geographical information system (GIS) point shapefiles, with a geographic position (latitude/longitude) for each nesting beach, as well as an estimate of the number of females breeding each year at the beach. The use of adult females, excluding adult males and immature turtles, is a commonly used metric for assessing population units of marine turtles (Heppell et al. 2003) . The estimates used here are the results of numerous studies (see Limpus 2009 for a review), and are the best known data available. Gaps in the database were filled using expert opinion from local government or industry turtle project staff.
Population unit data
Population genetic structures for green, loggerhead, flatback and hawksbill turtles in Australia have been extensively investigated (Bowen et al. 1992 , Broderick et al. 1994 , Dobbs et al. 1999 , Limpus et al. 2000 , Dethmers et al. 2006 , Conant et al. 2009 , Limpus 2009 . Only 1 discrete population management unit of olive ridley turtles is currently recognised in Australia, although this is likely to evolve as more genetic research is conducted. There are nu merous terms in current usage within the scientific literature to describe population units of marine turtles. We follow the terminology used by Dethmers et al. (2006) , and refer to each population unit as a 'management unit'.
Satellite data
We obtained the 2006 DMSP-OLS raster image of radiance-calibrated night time light data from the NGDC archive (National Geophysical Data Centre 2006) . These data were collected by Satellite F16 and are the most recent radiance-calibrated night time light products available. The DMSP satellite flies in a sun-synchronous low earth orbit (833 km mean altitude), and orbits the planet 14 times each day with a broad field of view (approximately 3000 km swath width), allowing complete coverage of the globe to be obtained in every 24 h period. The OLS sensor contains a photomultiplier tube (PMT), which intensifies the visible band signal at night, and captures 30 arc second resolution grids. This grid cell size corresponds to approximately 1 km 2 at the equator (Elvidge et al. 1997 , Aubrecht et al. 2010 . The nighttime pass occurs between 20:30 and 21:30 h each night (Elvidge et al. 2001) . Turtle nesting and hatchling emergence occur throughout the night, with peak hatchling emergence occurring between 20:00 and 24:00 h (Limpus 1971 , Gyuris 1993 . Thus, this time period is suitable for assessing the risk to turtles from artificial lights.
Pre-assessment
Preparation of shapefiles
The night-light data was obtained in a geographic coordinate system appropriate for global datasets (GCS_WGS_1984). Once the data pertaining to Australia had been extracted using ESRI ArcGIS 9.3.1 (Fig. 1) , the data were transformed into the relevant Australian coordinate system (GCS_GDA_1994), which matched the geographic coordinate system of the nesting data. For each management unit, nightlight and turtle nesting data were then further extracted and projected into the appropriate coordinate system (GDA_1994_MGA_Zone_49 to 56).
Preparation of night-light pixel data
Pixel values within the radiance-calibrated lights product were converted into a measure of radiance (W m −2 sr −1 ) (sr: steradian) using the conversion factor provided by the NGDC (see www.ngdc.noaa.gov/ dmsp/ data/ radcal/ readme.txt). The radiance data were converted into luminance data (cd m −2 ) to permit a more intuitive measure of night-time light concentrations, since radiance (a radiometric unit) describes all wavelengths of light emitted by a source, whereas luminance (a photometric unit) is a measure of the electromagnetic radiation detectable by an observer (Palmer 1999) .
Converting between radiance and luminance is possible, but observers are not equally sensitive to all wavelengths (Narisada & Schreuder 2004) . All photometry is based on the standard visibility curve (CIE 1932) designed for the photopic (light-adapted) vision of humans (Narisada & Schreuder 2004) , which peaks at 555 nm. The design of artificial light sources is also related to this curve, since illumination levels generated by most light sources result in light-adapted vision (Zissis et al. 2007) .
Recent research has discovered that the visual sensitivity of both adult and hatchling marine turtles show similarities to human vision. Both are sensitive to wavelengths in the visible part of the spectrum, with peak sensitivity found for green wavelengths at approximately 540 nm in hatchlings (Horch et al. 2008) and at approximately 580 nm in adults (Levenson et al. 2004) . At present there is no luminosity function of photopic vision available for turtles; however, given the similarities in visual sensitivity and also the wavelengths recorded by the OLS sensor, for the purposes of the present study, it was considered sufficient to convert between the units using values from the spectral luminous efficiency for human photopic vision.
Radiance values were converted into luminance values using the following equation, which represents a weighting of the radiance spectral term for each wavelength in relation to the visual response at that wavelength (Palmer 1999): ( 1) where X v is the luminous intensity (cd m , in nm), V λ is the curve for photopic vision and λ is wavelength.
Each pixel could then be classified into a level corresponding to a ratio between artificial light and natural night-time brightness below the atmosphere (Cinzano et al. 2001a) (Table 1) . Natural night-time brightness varies depending upon numerous factors, including geographical position, solar activity, time from sunset and sky area observed (Cinzano et al. 2001b) . Since these details were not available for each nest site, we followed the methodology of Cinzano et al. (2001a) and used an average natural night-time brightness below the atmosphere of 2.52 × 10 −4 cd m −2 (Garstang 1986 ). The International Astronomical Union (IAU) recommends that night-time brightness should not be increased by >10% (approx imately 200 × 10 −6 cd m −2
) as a result of artificial lighting (Smith 1979) . Consequently a 10% increase in night-sky brightness above natural levels is generally accepted as implying light pollution; this corresponds with Category 2 shown in Table 1 . How bright a light appears to a turtle depends on several spectral characteristics of the light, i.e. light intensity, wavelength and turtle spectral sensitivity (Pendoley 2005) . Marine turtle hatchlings are sensitive to very low light intensities across the visible spectrum (Witherington & Bjorndal 1991) , but particularly be tween violet and green wavelengths (400 to 500 nm). Since the satellite data we used include wavelengths within this range, we reasonably assume that light levels categorised as 'light pollution' in the present study are visible to turtles. Moreover, given that very little light is necessary to disrupt the orientation of hatchlings (Witherington & Martin 2000) , we believe that the threshold of light pollution utilised here is relevant to turtles.
Analysis of light proximity to nesting locations
Nesting beach sites for each species were overlaid onto the night-light images, and a buffer was drawn around each nesting site. The data collected by the DMSP sensors corresponded to an area greater than that of actual light sources on the ground (Rodrigues et al. 2012) due to the phenomenon of 'skyglow', which refers to the dome of light projected upwards and outwards from urban areas at night (Chalkias et al. 2006) . Skyglow is considered to contribute significantly to ecological impacts from light pollution (Rich & Longcore 2006 , Kyba et al. 2011 . For example, light generated by an aluminium refinery in QLD, Australia, disrupted marine turtle orientation 18 km away (Hodge et al. 2007) . Consequently, to take potential effects of skyglow from urban areas into account, but allowing for small location inaccuracies in overlaying transformed and projected data layers, we followed the methodology used by Aubrecht et al. (2008) and used a buffer with a radius of 25 km.
Given the low spatial resolution of the night-time light data (Elvidge et al. 1997) , as well as other factors which may influence the impact of artificial lights close to nesting beaches, such as barriers, cloud cover and moon phase (Salmon & Witherington 1995 , Witherington & Martin 2000 , Kyba et al. 2011 , 2 measures were used to estimate the potential risk of light pollution faced by each species of nesting turtle -as a means of avoiding false precision. The buffer (25 km radius) surrounding each nest site encompassed approximately 2400 pixels, each of which possessed a value corresponding to the amount of light emitted in that area. The mean and maximum pixel values within each buffer were calculated using the zonal statistics tool and Hawth's Tools extension (Beyer 2004) in ArcGIS. These values were then assigned into one of the light pollution categories (as per Cinzano et al. 2001a) using the values given in Table 1 . This gave 2 potential risk values for each site: 'mean light exposure' calculated from the mean pixel value and 'maximum light exposure' calculated from the maximum pixel value. Using the maximum pixel value provides an indication of the highest amount of light potentially visible to turtles at each site, and as such is the high-risk scenario. The mean pixel value was calculated across the entire area encompassed by each buffer, to effectively 'smooth out' the amount of artificial light emitted in that area (since light levels will be highest in areas where bright lights are located, decreasing as distance from the light source increases), hence providing a diffuse measure of light pollution within a particular buffer area. This was used to provide a secondary measure of risk given that nesting turtles may not be directly exposed to the highest levels of light present in the immediate area, but would still likely be susceptible to skyglow effects.
Next, to determine the sites potentially at highest risk from light pollution for each species and man- Table 1 . Quantification of light pollution, using ratios according to Cinzano et al. (2001a 
Data analysis
Data were tested for normality using the Kolmogorov-Smirnoff test. Since data were not found to be normally distributed, comparisons of light exposure between population management units were assessed using the Mann-Whitney U-test and the Kruskall-Wallis test. Post hoc pairwise comparisons of the latter were carried out using Dunn-Bonferroni tests (Dunn 1964) . All data were analysed using IBM SPSS 20 statistical software.
RESULTS
National light pollution exposure
Nesting sites for loggerhead, green, hawksbill and flatback turtles in Australia appear to be exposed to varying degrees of light pollution (Table 2) . However, despite the broad geographic scale of impact, the majority of marine turtle nesting sites in Australia appear minimally affected by either level of light pollution exposure (Table 2) .
Management unit light pollution exposure
The above analysis was repeated with the species nesting site data merged into management units (Bowen et al. 1992 , Broderick et al. 1994 , Dobbs et al. 1999 , Limpus et al. 2000 , Dethmers et al. 2006 , Limpus 2009 , Wallace et al. 2010 .
Loggerheads
There are 2 management units of loggerheads in Australia: the WA management unit, which occurs from Dirk Hartog Island to the Muiron Island region, and the eastern Australian management unit, which is concentrated on the mainland coast of southeast QLD, the islands in the southern Great Barrier Reef (GBR) and minor nesting sites in New Caledonia and Vanuatu (Limpus 2009 ).
Using the maximum light exposure values, we found more than a third of nesting WA log ger heads and 43.9% of the eastern Australian loggerheads were potentially exposed to light pollution (Table 3) . Indeed a maximum light pollution weighting of 461.54 occurred for WA loggerheads (307.7 ± 217.6), which is significantly higher than the maximum weighted exposure for eastern Australian loggerheads (max. = 80.6; median = 8.06 ± 31.76; MannWhitney U = <1, n 1 = 2, n 2 = 30, p < 0.05).
However, when using the mean light exposure values, we found that, although the WA loggerheads appeared relatively unaffected by light pollution, 22% of the nesting sites for the eastern Australian management unit had a light pollution exposure Table 2 . Proportion of nesting in Australia, by each species, potentially at risk from each category of light pollution, using the mean (mean light exposure) and maximum (maximum light exposure) pixel values from the radiance calibrated light data within a 25 km radius buffer surrounding each nest site. Cc: loggerhead Caretta caretta; Cm: green Chelonia mydas; Ei:
hawksbill Eretmochelys imbricata; Lo: olive ridley Lepidochelys olivacea. Nd: flatback Natator depressus weighting of 8.96 (2.7 ± 3.84); thus the sites are potentially at risk from light pollution (Table 3) .
Greens
There are 7 recognised green turtles management units in Australia (Dethmers et al. 2006) . Only a small percentage of nesting sites for 3 of the management units were determined to be potentially at risk from light pollution (Table 3 ). The exception to this was the North West Shelf management unit in WA, which showed a large proportion of nesting sites potentially at risk from both levels of light exposure (39% of the North West Shelf green turtle nesting areas highlighted using the mean light exposure values, and 68%, using the maximum light exposure values).
There was a statistically significant difference between the maximum light exposure of the 3 green turtle management units indicated as exposed to light pollution (Kruskal-Wallis χ 2 [3, N = 40] = 23.07, p < 0.01). Pair-wise comparisons indicated that risk of light pollution for nesting turtles on the North West Shelf (658.54; 197.6 ± 196 .03) was significantly higher than for all other green turtle management units. Also, in eastern Australia, the risk of light pollution for green turtles nesting in the southern GBR stock (16.93; 1.69 ± 6.96) was significantly higher than for the northern GBR stock (0.33; 0.22 ± 0.15).
Using the mean light exposure values, green turtles nesting in the North West Shelf (24.39; 0 ± 8.1) are exposed to a significantly higher potential risk from light pollution compared to green turtles in the GBR (northern GBR: 0.11; 0.07 ± 0.05; southern GBR: 1.88; 0.19 ± 0.62) (Kruskal-Wallis χ 2 [2, N = 13] = 7.67, p < 0.01).
Hawksbills
Three hawksbill turtle management units are recognised in Australia (Broderick et al. 1994 , Dobbs et al. 1999 , Limpus et al. 2000 . Using the maximum light exposure values, a large proportion of all 3 were potentially exposed to light pollution ( Table 3 . Proportion of each population management unit of marine turtles in Australia located in nesting areas potentially exposed to artificial lights brighter than the threshold level of light pollution, i.e. light exposure of Category 2 or above (see Table 1 ). GBR: Great Barrier Reef sample size of affected sites precluded statistical analysis, but the medians indicated that the WA management unit remains at higher risk from light pollution than hawksbills nesting in northern Australia.
Olive ridleys
There is currently only 1 recognised management unit of olive ridley turtles in Australia (Limpus 2009 ). The nesting sites for this management unit appeared relatively unaffected by light pollution. The mean light exposure values indicated that none of the nesting sites appeared to be exposed to light pollution, and, using the maximum light exposure values, only 4 out of 25 nesting sites (9.8% of nesting olive ridleys) were potentially exposed to light pollution of Categories 6 and 7 (Table 2) .
Flatbacks
Four flatback turtle management units are currently recognised in Australia (Limpus 2009 ), although with on-going genetic research this is likely to evolve over time. Flatback turtles which nest in the western Northern Territory appeared largely unexposed to light pollution (Table 3) . However, for the other 3 management units when using the maximum light exposure values, large nesting proportions appeared potentially at risk from light pollution, whereas only the North West Shelf and eastern Australia management units were identified to be at potential risk when employing the mean light exposure values.
The maximum light exposure values gave a maximum weighting of 637.8 for flatback turtles on the North West Shelf (330 ± 294.3). This was significantly higher than exposure weightings obtained for flatback turtles nesting in either the Gulf of Carpentaria and Torres Strait (97.69; 1.51 ± 13.58) or eastern Australia (94.57; 4.73 ± 23) . Eastern Australian sites appeared significantly more light-exposed than Gulf of Carpentaria and Torres Strait sites (Kruskal-Wallis χ 2 [2, N = 115] = 49.58, p < 0.01). When using the mean light exposure values, flatback nesting sites on the North West Shelf appeared to be exposed to significantly more light pollution (23.62; 4.78 ± 9.46) than sites in eastern Australia (5.25; 0.53 ± 1.98) (Mann-Whitney U = 16, n 1 = 4, n 2 = 39, p < 0.01).
Region
For each species with multiple management units within Australia, it was the management units nesting in WA that were exposed to the highest levels of light pollution (Table 4 ). In particular the Dampier Archipelago, Barrow Island, Montebello Islands and Cape Range Ningaloo were identified as potential high-risk nesting sites for >1 species (Figs. 2 & 3) .
DISCUSSION
Marine turtles spend 100% of their critical breeding life-history phase (egg laying, incubation and hatchling emergence) out of the water on beaches. Moreover, turtles migrate from dispersed foraging grounds to aggregate at these breeding sites (e.g. Limpus et al. 1992) . Thus, effective, long-term conservation strategies require the protection of these developmental habitats (Troëng & Rankin 2005) . Since successful turtle nesting is strongly hindered by the presence of artificial light (Witherington & Martin 2000) and the effective management of light pollution adjacent to turtle nesting sites may be both expensive and time-intensive (e.g. Fuentes et al. 2009 ), the identification of nesting sites at greatest risk from light pollution is crucial to ensure that limited conservation resources are allocated most effectively (e.g. Fuentes et al. 2011) .
We used satellite imaging as a broad-scale tool for the identification and comparison of nesting locations potentially vulnerable to coastal light pollution at ecologically relevant scales. An important caveat to our study, given the coarse spatial scale of the dataset utilized, is that beachfront lighting in an otherwise undeveloped area may not register in the satellite data, but would retain the potential to disrupt turtle Table 4 . The 3 marine turtle management units in Australia potentially most exposed to light pollution, using the mean (mean light exposure) and maximum (maximum light exposure) pixel values nesting (Witherington & Martin 2000) . However, lights from very small residential settlements (populations of < 300 people) in remote regions of Australia -including islands of the Torres Strait where no industry or commercial entities existwere picked up by the satellite data. Therefore, it is unlikely that significant sources of potentially disorienting light exist in Australia which were not identified in the present study.
Furthermore, an examination of our data in light of evidence regarding the beach-scale impact of light pollution in Australia supports the value of our methodology. We determined that nesting sites on the North West Shelf of WA and along the Woongarra coast of QLD were the sites facing the highest potential risk from light pollution Australia-wide, with nest sites in northern Australia appearing to be minimally exposed to light pollution. In his comprehensive review of marine turtles within Australia, Limpus (2009) evaluated the threat of light pollution for each species of turtle, using data and observations from researchers working on the ground. Reflecting our data, Limpus (2009) found no evidence of turtles disrupted by artificial light in northern Australia, but highlighted the Woongarra coast of QLD and the North West Shelf in WA as areas where disorientation of hatchlings regularly occurred due to the presence of artificial lights. Consequently, the method we have presented offers a useful means of highlighting particular regions, over a large spatial scale, where marine turtle nesting may be at risk from light pollution. Our method also allows for the magnitude of potential light pollution risk to be compared across nest sites. Once potentially high-risk sites for management units have been identified, the next step for managers should be an on-the-ground assessment to confirm the risk identified by the broad-scale analysis presented here, and to subsequently determine necessary beach-specific management actions.
Overall our findings indicate that there is large spatial variation in levels of coastal light pollution across Australia, which might be expected to cause disruption to marine turtles. Although the majority of marine turtle nesting in Australia appears to be minimally affected by light pollution, large proportions of nesting hawksbill, flatback, green and loggerhead turtles do appear to be exposed to light pollution, especially in WA and along the urban coast of Queens land. Moreover, turtles at these sites are potentially exposed to light sub- stantially brighter than natural night-time brightness, with most affected nesting sites potentially exposed to light pollution of Category 5 or higher (>1 to 3 times brighter than natural night-time brightness). This is important be cause ecological and behavioural studies have found that hatchling disorientation can be caused by very low levels of artificial light (Witherington & Martin 2000) . The pervasive levels of light pollution we found would be expected to disrupt turtle orientation at these sites. Certain management units appear to face extreme potential risk, with 99.8% of hawksbill turtle nesting sites and 87.4% of flatback turtle nesting sites in WA determined to be at risk from light pollution. This is substantially higher than previous estimates of 12 and 42% for hawksbill and flatback turtles, respectively, in the region of the Barrow, Lowendal and Montebello Islands of WA (Pendoley 2005) . However, where we calculated exposure within an area 25 km in radius from the nesting site, Pendoley (2005) considered the effect of lights within a radius of 1.5 kma conservative radius considering the distance over which lights have been known to disrupt turtle behaviour on land (Hodge et al. 2007 ) and may potentially affect hatchling behaviour in the sea. Turtle hatchlings swim slowly, covering only 1.5 km h −1 or less (Frick 1976 , Salmon & Wyneken 1987 . However, swimming hatchlings show oriented swimming behaviour for longer than 24 h (Salmon & Wyneken 1987) and, in the absence of wave cues to guide them offshore, have been found to be more susceptible to disorientation from onshore light cues (Lorne & Salmon 2007) . Consequently, in the absence of wave cues, artificial lights may influence the orientation of swimming hatchlings over distances >1.5 km. The high proportion of hawksbill and flatback turtle nesting sites in WA identified as being at potential risk in the present study highlights the need for management and policy approaches that consider synergistic and cumulative impact.
We found that within Australia a few nesting sites in WA, which support nesting by multiple species, appear to be the sites most vulnerable to light pollution-namely the Dampier Archipelago, the Montebello Islands, Varanus Island and Barrow Island. The presence of light pollution at these sites is well known. This is one of WA's, and indeed Australia's, most productive regions for resource extraction, processing and shipping, with 59% of WA's oil and 93% of WA's gas being produced on the North West Shelf Despite acknowledgement of the existence of light pollution in this region, we demonstrate that nest site exposure to light pollution may be far higher in WA than elsewhere in Australia, and, collectively, it could impact turtles at ecological scales, since multiple nesting sites appear affected within turtle management units. This indicates that rigorous light pollution management is vital, particularly given the im portance of the turtle management units which nest here. The WA management units of hawksbill, green, loggerhead and flatback turtles are globally significant for their respective species (Seminoff 2002 , Mortimer & Donnelly 2008 . Moreover, our results are conservative due to our use of light data from 2006; since that time development of the region has continued.
In 1 recent liquefied natural gas (LNG) development, the proponents were legally obliged under ministerial conditions attached to their Australian Government approval to develop management plans for marine turtles and develop and implement mitigation plans for light pollution. Under these plans, site-specific light pollution is audited annually (Chev ron Australia 2009 ). Yet, although light pollution in this region seems to be being addressed by individual producers at site-specific scales (e.g. Sinclair Knight Merz 2008 , Chevron Australia 2009 , BHP Billiton 2011 , the cumulative effect of extreme light levels over a small geographic region, or as it relates to specific turtle management units, is not addressed by State or Australian Government legislation or policy (Department of Environment and Conservation 2008).
We also found that nesting sites in eastern Australia appeared to be at high risk from light pollution, particularly in the case of loggerhead turtles along the Woongarra coast of south-east QLD. Interestingly these nesting locations were only identified as being at high potential risk when using the mean light exposure values, i.e. the mean pixel value within the 25 km buffer. This suggests that light pollution in eastern Australia may be characterised by areas of widespread, moderate levels of light pollution from dispersed urban settlements, as opposed to small areas of high levels of localised light pollution from intense industrial development on an otherwise relatively unsettled coastline in WA. This has implications for management in that it may be more economically and logistically feasible to implement light mitigation in WA, by targeting small areas of high light pollution produced by a limited number of contributors, rather than targeting a larger area producing moderate levels of light pollution, with multiple contributors (e.g. Fuentes et al. 2011) .
Industrial development is increasing along the eastern Australian coast, as well as in other turtle nesting locations worldwide, including Qatar (Tayab & Quiton 2003) and India (Fernandes 2008) . Given the findings from the present study, which suggest that the amount of light pollution produced by similar existing industrial developments in WA may pose a very high risk to nesting marine turtles, the adequate management of light generated by proposed and ongoing industrial developments should be considered extremely important by managers and policy makers. One of the challenges currently faced by industry, regulators and researchers involved with turtle conservation is the lack of monitoring tools to examine low, ecologically relevant, light levels, or tools to test the effects of skyglow.
By virtue of the collection method, only night-time light levels on cloud-free nights are represented by the satellite data (Elvidge et al. 2001) . A recent study has demonstrated that cloud cover substantially increases skyglow, since unused light escaping upwards into the atmosphere is reflected back down to Earth by clouds (Kyba et al. 2011) . The authors argue that investigations into the ecological effects of light pollution need to take cloud coverage into consideration. Thus, light pollution levels and the subsequent impacts of this light at turtle nesting sites on cloudy nights may be even higher than suggested by our findings.
CONCLUSIONS
Light pollution is an indisputable problem for marine turtles, and, given existing and continuing coastal development along many of the world's turtle nesting beaches, it is also likely to be a pervasive issue. Studies investigating the impacts of light pollution on marine turtles are numerous; yet, since most of this research is beach or region specific, understanding the risks posed to breeding marine turtles at a management unit scale, from light generated by different producers, has not been possible.
Our study is the first of its kind. The methodology we present provides a useful first step for effectively managing the disruptive influence of light pollution on marine turtles, at an ecologically relevant scale. The large spatial scale we used emphasises the significant risk that concentrated light produced by industrial developments, and diffuse light generated by urban complexes, may pose to nesting marine turtles. We also highlight the regions of Australia where turtle nesting appears to be at highest risk from light pollution, namely southerly nesting sites on both the west and east coasts, with sites in northern Australia least affected.
In view of the multitude of threats faced by turtles, consideration of this information is extremely relevant for managers, especially in regions of planned industrial development. This is particularly important in regions with multiple contributors to artificial light production, since cumulative light levels may not be addressed in management plans. Furthermore, the identification of concentrated and diffuse light pollution indicates that management strategies may need to be tailored depending on the sources generating the artificial light.
We recommend that light-mitigation strategies be implemented as standard as development increases along the Australian coastline, and we urge managers of marine turtles elsewhere to recognise the huge potential for disruption that light generated by industrial and urban developments may cause. 
